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(57) A ceramic material having piezoelectric char- 
acteristics that can be sintered at low temperature and 
is suited to various piezoelectric devices. The ceramic 
material is denoted by the general formula ABO d com- 
prised primarily of Pb, Zr, and Ti; in which A denotes 
( Pb i-a M Vb) B denotes [(MZ^Nb^J a Zr p Ti Y j or 
the formula Pb x M\ xKM^Nb^yCo^Nb^ ) f 
(Zn 1/3 Nb 2/ 3) g Zr h Tij]03. The ceramic material can be pre- 



pared by sintering at a temperature of 950°C or below 
and has good piezoelectric characteristics, and in par- 
ticular, good longitudinal elongation (d 33 ) and a low di- 
electric loss factor (tan 5) even at a high Curie temper- 
ature Tc; as well as the ceramic material has a good 
electromechanical coupling factor (Kp). 
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Description 
Technical Field 

5 [0001] The present invention relates to a ceramic material having piezoelectric characteristics that can be sintered 
at low temperature and is suited to various piezoelectric devices such as piezoelectric actuators. The present invention 
further relates to piezoelectric elements and laminated piezoelectric elements comprising a member comprised of a 
ceramic material that can be sintered at low temperature and has piezoelectric characteristics and electrodes. 

10 Background Art 

[0002] In recent years, laminated piezoelectric ceramics in which a piezoelectric ceramic and a metal constituting 
an internal or external electrode are laminated have begun to be employed as piezoelectric actuators and piezoelectric 
transducers for controlling spraying of color ink in ink-jet printers and controlling the spraying of common rail fuels in 

15 diesel engines. In such piezoelectric ceramics, PZT materials comprised primarily of composite oxides of lead, zirco- 
nium, and titanium are employed to achieve high elongation (d 33 ) with the application of voltage. 
[0003] Examples of products employing these PZT materials are piezoelectric actuators, piezoelectric vibrators in 
the form of computer oscillators, ceramic filters, piezoelectric transducers, the ignition elements of gas instruments, 
piezoelectric buzzers, ultrasonic transceivers, microphones, and ultrasonic humidifiers. Among these, piezoelectric 

20 actuators, which are solid-state elements employing voltage effects, consume less power, respond more rapidly, and 
permit finer positional control than conventional electromagnetic actuators configured of a coil wound around a mag- 
netic member. They also have the advantages of generating little heat and being small in size and weight. 
[0004] The piezoelectric material employed in piezoelectric actuators must afford high voltage characteristics with 
regard to change in temperature, durability, and the like. Further, various laminated piezoelectric actuator applications 

25 of laminated ceramic capacitor technology have recently been developed as small actuators yielding high strain at 
relatively low applied voltages. High voltage characteristics are naturally also demanded of these laminated piezoe- 
lectric actuators. 

[0005] The above-mentioned actuators require the application of a relatively high voltage. Thus, good conductors 
such as silver-palladium alloy (Ag-Pd alloy) that generate little heat are widely employed as the electrodes in piezoe- 

30 lectric elements. The piezoelectric elements for these laminated piezoelectric actuators are generally manufactured 
by coating an internal electrode-forming conductive paste on a ceramic green sheet of piezoelectric material, laminating 
multiple layers, and conducting simultaneous sintering. That is, in the manufacturing of a laminated piezoelectric ac- 
tuator, since the internal electrode and the piezoelectric material are sintered simultaneously, a material capable of 
being sintered at low-temperature must be employed so that the internal electrode does not melt at the sintering tem- 

35 perature. 

[0006] To adequately sinter the laminated piezoelectric ceramic employing the above-described PZT ceramic, sin- 
tering must be conducted at a temperature of greater than or equal to 1 ,1 00°C in an oxidizing atmosphere comprising 
oxygen or the like. In the conventional method of manufacturing laminated piezoelectric ceramics, a paste primarily 
comprising a metal is coated on a green sheet or sheet-like formed member of PZT ceramic powder to form a conductive 

40 layer, these are laminated, the binder is removed, and sintering is conducted at high temperature. That is, the main- 
stream method is that of forming an integrated member by simultaneous sintering. Thus, the metal employed in lam- 
ination is limited to a noble metal comprising platinum group, such as a silver-palladium alloy, that does not melt in 
high-temperature oxidizing environments and has a melting point of greater than or equal to 1 ,100°C. 
[0007] Generally, the melting point of this silver palladium alloy increases with the palladium content in the alloy. 

45 Further, since silver diffuses into the piezoelectric material in high temperature sintering, the durability as an actuator 
drops precipitously. Since palladium is expensive, it is desirable to reduce to the extent possible the quantity of palladium 
blended into the alloy to lower the cost of the product. 

[0008] From these perspectives, silver-palladium alloys incorporating comparatively little palladium have been de- 
veloped. The Ag70-Pd30 alloy, which is relatively good from both the perspective of heat resistance and cost, is widely 

so employed as an electrode material in piezoelectric elements. Ag70-Pd30 alloy comprises about 30 weight percent (25 
to 35 weight percent) palladium and can prevent melting at temperatures below 1 ,150°C. Piezoelectric elements pro- 
duced by simultaneously sintering Ag70-Pd30 alloy and a piezoelectric material at 1 ,150°C have been reported. How- 
ever, the piezoelectric characteristics of the piezoelectric elements obtained have not been satisfactory. 
[0009] Accordingly, attempts have been made to improve piezoelectric characteristics by employing a piezoelectric 

55 material that will sinter with silver palladium at temperatures below 1,150°C. An example of such a materials is the 
PZT piezoelectric material denoted by Pb[(Zn 1/3 Nb 2 ^)(Ni 1/ 3Nb 2/ 3),Zr,Ti]0 3 , which can be employed in laminated pie- 
zoelectric actuators employing an Ag70-Pd30 internal electrode. Even when simultaneously sintered with an internal 
electrode at a temperature (such as 1,120°C) lower than 1,150°C, this piezoelectric material exhibits some level of 
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piezoelectric characteristics. 

[001 0] However, the piezoelectric characteristics that are achieved, particularly the electromechanical coupling factor 
(Kp), are still inadequate. Further, a reduction in the amount of palladium blended into the silver-palladium alloy is 
desired in addition to a reduction in the sintering temperature. However, as of today, no piezoelectric material that can 
5 be sintered at a temperature of less than or equal to 1 ,120°C and yields good piezoelectric characteristics has been 
reported. 

[001 1] Nor is any piezoelectric material known in which, even at a high Curie temperature Tc, the elongation during 
voltage application, particularly the piezoelectric strain constant d^ in the longitudinal direction, is higher than the 
previous level, while also exhibiting a low dielectric loss factor tan 8. 

w [0012] Thus, the present invention, devised to solve the above-stated problems, has for its object to provide a ceramic 
material that can be prepared by simultaneous sintering with not only a silver-palladium alloy such as Ag70-Pd30Ag- 
Pd but also alloys having a lower palladium blend proportion and other metals having low melting points as an electrode 
- thaf is, by-sintering at a temperature of 950°C or below - and that has good piezoelectric characteristics, and in 
particular, good longitudinal elongation (d^) and a low dielectric loss factor (tan 5) even at a high Curie temperature 

is Tc; as well as a ceramic material having a good electromechanical coupling factor (Kp). 

[0013] A further object of the present invention is to provide laminated piezoelectric elements and piezoelectric ele- 
ments employing the above ceramic materials. 

Summary of the Invention 

20 

[0014] The present inventors conducted extensive research with the aim of developing a PZTceramic material having 
good piezoelectric characteristics that could be sintered at low temperature. As a result, they discovered that sintering 
of a PZT ceramic material comprising prescribed elements was possible by calcination at a temperature of less than 
or equal to 950°C, and that this material afforded good piezoelectric characteristics; the present invention was devised 
25 on this basis. 

[001 5] That is, the object of the present invention is achieved by a ceramic material characterized by being denoted 
by the general formula ABO d (where d denotes the total number of oxygen atoms contained in oxide A and oxide B); 
comprised primarily of Pb, Zr, and Ti; in which A in said general formula denotes (Pb 1 . a M 1 a . b ) (where 0 < a < 0.08, 0 
<b<0.075). 

30 [0016] The object of the present invention is also achieved by a ceramic material characterized by being denoted 
by the general formula ABO d (where d denotes the total number of oxygen atoms contained in oxide A and oxide B); 
comprised primarily of Pb, Zr, and Ti; in which B in said general formula denotes [(M 2 1/3 Nb 2 /3. c ) a ZrpTi 7 ] (where 0.05 
< c < 0.2, 0.18 < a < 0.28, 0.36 < P< 0.44, and 0.36 < y < 0.44). 

[0017] The object of the present invention is also achieved by a ceramic material denoted by formula (1 ) below: 

35 - 

P^X-bKM^Nb^c) o Zr p Ti Y ]0 d (1) 

(where in formula (1), M 1 denotes one or more elements selected from among the group consisting of 3A group ele- 
40 ments, Li, Na, K, Mg, Ca, and Sr; M 2 denotes three or more elements selected from among the group consisting of 
Mg, Ca, Sr, Cr, Mn, Fe, Co, Ni, and Zn; 0 < a < 0.08, 0 < b < 0.075, 0.05 < c < 0.2, 0.18 < a < 0.28, 0.36 < (J < 0.44, 
0.36 < 7 < 0.44; and d is the sum of the number of oxygen atoms contained in the oxides of Pb, M 1 , M 2 Nb, Zr, and Ti). 
[0018] The following are preferred modes of the ceramic material: 

45 (1 ) The above ceramic material in which M 1 denotes one or more elements selected from among the group con- 

sisting of Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, K, and Lu. 

(2) The above ceramic material in which M 1 denotes one or more elements selected from among the group con- 
sisting of La and K. 

(3) The above ceramic material in which M 2 denotes three or more elements selected from among the group 
50 consisting of Ni, Zn, Co, Mn, and Mg. 

(4) The above ceramic material in which M 2 denotes Ni, Zn, and Co. 

(5) The above ceramic material in which p and y satisfy the relation of 0.92 < (Vy <1 .08. 

(6) The above ceramic material in which a, (5, and y satisfy the relation of 0 <a + p+ y <1 .1 5. 

(7) The above ceramic materia! in which the piezoelectric strain constant d 33 in the longitudinal direction is greater 
55 than or equal to 850. 

(8) The above ceramic material in which the dielectric loss factor tan 5 is such that 0.003 < tan 6 < 0.012. 

(9) The above ceramic material in which the Curie temperature Tc is greater than 250°C and the relative dielectric 
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constant e r is less than 2,300. 

[001 9] The object of the present invention is further achieved by a ceramic material characterized by being denoted 
by the general formula ABO d (where d denotes the total number of oxygen atoms contained in oxide A and oxide B); 
5 comprised primarily of Pb, Zr, and Ti; in which the piezoelectric strain constant d^ in the longitudinal direction is greater 
than or equal to 850, the dielectric loss factor tan 6 satisfies the relation of 0.003 < tan 6 < 0.012, the Curie temperature 
Tc is greater than 250°C, and the relative dielectric constant e r is less than 2,300. 
[0020] The following are preferred modes of the above ceramic material: 

io (1 ) The above ceramic material furthercomprising one or more elements selected from among the group consisting 

of group IV 1 A to 2B elements, group V 1A to 3A and 6A elements, and group VI 1A to 6A elements. 
(2) The above ceramic material furthercomprising one or more elements selected from among the group consisting 
of Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, K, Lu, Ni, Zn, Co, Mn, and Mg. 

15 [0021] The above ceramic material has a stoichiometric or nonstoichiometric composition, has good elongation in 
the longitudinal direction (a high piezoelectric strain constant (d 33 ) in the longitudinal direction), and exhibits good 
piezoelectric characteristics with a low dielectric loss (a low dielectric loss factor tan 5). Thus, since the ceramic material 
of the present invention can realize desired elongation even in a small element and affords the advantage of generating 
little heat during use, it is well-suited to uses such as piezoelectric elements such as piezoelectric actuators, particularly 

20 laminated piezoelectric elements and laminated piezoelectric transducers. 

[0022] A further preferred mode of the ceramic of the present invention is the ceramic material denoted by general 
formula (2) below: 

25 Pb x M 3 1 . K [(M 4 iy3 Nb a 3) a (Co ia Nb a/ 3 ) f (Zn ia Nb OT ) g Zr h Ti,10 3 (2) 

(where in formula (2), M 3 denotes one or more elements selected from among the group consisting of La, K, Er, and 
Yb; M 4 denotes an element selected from among the group consisting of Ni, Mn, and Sr; 0.990 < x < 0.997; 0 <e < 

0. 22;0<f<0.22;0<g<0.22;0.38<h<0.43;0.38<i<0.41 ;0.18<e+f+g <0.22; and e + f+ g + h + i = 1). 

30 [0023] Since the ceramic material of the present invention denoted by formula (2) exhibits a stoichiometric compo- 
sition and can be prepared by sintering through calcination at a temperature of less than or equal to 950°C, simultaneous 
sintering with an internal electrode in the form of a silver-palladium alloy (Ag70-Pd30) or some other element with a 
low melting point is possible. Further, since the ceramic material also exhibits good piezoelectric characteristics, it is 
extremely well-suited to the manufacturing of piezoelectric elements such as piezoelectric actuators, and particularly 

35 well-suited to laminated piezoelectric elements. 

[0024] In the ceramic material of the present invention, M 3 of formula (2) may be K or La. Further, in the ceramic 
material of the present invention, M 4 in formula (2) may be Ni, Mn, or Sr, with Ni being preferred. Further, the density 
of the ceramic material of the present invention may be greater than or equal to 7.6 g/cm 3 . 

[0025] The present invention relates to piezoelectric elements having a member comprising the ceramic material of 
*o the present invention and at least one pair of electrodes, and to laminated piezoelectric elements comprising a structural 
member in which a material comprised of the ceramic material of the present invention and electrodes are alternately 
laminated. 

[0026] Further, the electrode of the laminated piezoelectric element may be an electrode comprised of Cu, Ag, an 
Ag-Pt alloy, or an Ag-Pd alloy. 

45 

Modes of Implementing the Invention 

[0027] Modes of implementing the present invention are described in detail below. 

[0028] The ceramic material of claim 1 is characterized by being denoted by the general formula ABO d (where d 
50 denotes the total number of oxygen atoms contained in oxide A and oxide B); comprised primarily of Pb, Zr, and Ti; in 
which A in said general formula denotes (Pb Va M 1 a _ b ) (where 0 < a < 0.08, 0 < b < 0.075). 

[0029] The ceramic material of claim 1 is primarily comprised of Pb, Zr, and Ti, with Pb being incorporated at A 
(referred to hereinafter as "site A") and Zr and Ti being incorporated at B (referred to hereinafter as "site B u ). Site A is 
denoted by Pb t . a M 1 a ^. The ceramic material of claim 1 includes both the ilmenite and perovskite structures; when 
55 employed as a piezoelectric material, the perovskite structure is preferred from the perspective of piezoelectric char- 
acteristics. In Pb^M 1 ^, since b is greater than 0, the sum of the atomic ratio of Pb and M 1 ((1-a)+(a-b)) is less than 

1, and site A denotes a nonstoichiometric composition. The a value of site A is defined as falling within the range of 
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0<a<0.08, preferably 0<a<0.06, more preferably 0.01<a<0.05. The a value of site A is defined within the range of 0 < 
a < 0.08 to introduce oxygen defects, with it being particularly desirable to introduce oxygen defects into the perovskite 
structure. Value b is defined with the range of 0 < b < 0.075. A value lower than value a may be suitably selected, with 
0 < b < 0.06 being preferred and 0.01 < b < 0.06 being more preferred. Value b is defined within the range of 0 < b < 

5 0.75 to introduce oxygen defects, it being particularly desirable to introduce oxygen defects into the perovskite structure. 
[0030] M 1 at site A is a metal element that is not specifically limited as far as it permits the formation of a perovskite 
structure in the PZT ceramic material. It is desirably one or more elements selected from among the group consisting 
of group 3A elements and Li, Na, K, Mg, Ca, and Sr; preferably one or more elements selected from among the group 
consisting of Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Oy, Ho, Er, Tm, K, and Lu; and more preferably La, K, or both. 

10 [0031] Site B comprises an element capable of forming a perovskite structure in the PZT ceramic material, and 
comprises at least Zr and Ti. The ratio of Zr to Ti is not specifically limited. However, from the perspective of achieving 
high electromechanical coupling (Kp), a range of 0.92 < Zr/Ti < 1 .08 is desirable. Site B may comprise other elements 
in addition to Zr and Ti. These additional elements are not specifically limited. However, they may be suitably selected 
within a range maintaining piezoelectric characteristics. However, site B may itself have a nonstoichiometric or stoi- 

15 chiometric composition, and may have either a nonstoichiometric or stoichiometric composition in combination with 
site A. 

[0032] Total number of oxygen atoms d in the ceramic material of claim 1 is the sum of the number of oxygen atoms 
contained in oxide A and oxide B. Oxide A means the oxide in which Pb and M 1 have the most stable structures. 
Further, oxide B means the oxide having the most stable structure of the metal elements contained in B, including the 
20 Zr and Ti. Specific examples will be given further below. 

[0033] The ceramic material of claim 2 is characterized by being denoted by the general formula ABO d (where d 
denotes the total number of oxygen atoms contained in oxide A and oxide B); comprised primarily of Pb, Zr, and Ti; in 
which B in said general formula denotes [(M 2 1/3 Nb2/3. c ) a ZrpTi y ] (where 0.05 < c<0.2,0.18< a < 0.28, 0.36 < P < 0.44, 
and 0.36 < y< 0.44). 

25 [0034] In this ceramic material, site B is denoted by [(M 2 1/3 Nb 2 ^. c ) a ZrpTl y ] and M 2 is not specifically limited as far as 
it be an element capable of forming at least a perovskite structure in the PZT ceramic material. M 2 preferably denotes 
three or more elements selected from among the group consisting of Mg, Ca, Sr, Cr, Mn, Fe, Co, Ni, and Zn; more 
preferably denotes three or more elements selected from among the group consisting of Ni, Zn, Co, Mn, and Mg; and 
most preferably denotes Ni, Zn, and Co. 

30 [0035] [(M 2 1/3 Nb 2/3 _ c ) CI ZrpTi 7 ] includes the cases where, when c, a, p and y are within the above-stated ranges, the 
sum of the atomic ratios of M 2 ,Nb, Zr, and Ti is less than 1 , equal to 1, and greater than 1. When the sum of these 
atomic ratios is smaller or greater than 1, site B denotes a nonstoichiometric composition. When the total of these 
atomic ratios is equal to 1 , site B denotes a stoichiometric composition. That is, site B in the ceramic material of claim 
2 may be a nonstoichiometric or stoichiometric composition depending on values c, a, p, and 7. 

35 [0036] Value c of site B may be suitably selected within the range of 0.05 < c < 0.2. Value c is confined to within the 
range of 0.05 < c < 0.2 to keep dielectric loss factor tan 6 low; a range of 0.05 < c < 0.18 is preferred and a range of 
0.06 < c < 0.1 5 is more preferred. 

[0037] a, p, and 7 of site B may be suitably selected within the ranges of 0.18 < a < 0.28, 0.36 < P < 0.44, and 0.36 
< y< 0.44. Value a is limited to within the range of 0.18 < a < 0.28 to maintain a high Curie temperature; a range of 
40 0.19 < a < 0.27 is preferred and a range of 0.2 < a < 0.25 is more preferred. Values p and y are confined to within the 
range of 0.36 < p< 0.44 to achieve a high strain constant in the longitudinal direction; a range of 0.38 < p< 0.42 is 
preferred and a range of 0.40 < p< 0.42 is more preferred. 

[0038] Site A comprises an element capable of forming a perovskite structure in the PZT ceramic material, consisting 
of at least Pb. Other elements may be incorporated into site A in addition to Pb. These additional elements are not 
45 specifically limited, and may be suitably selected within a range maintaining piezoelectric characteristics. 

[0039] Site A may itself have a nonstoichiometric structure or a stoichiometric structure, and may have a nonstoi- 
chiometric or stoichiometric structure in combination with site B. 

[0040] The ratio of value p to value y ( p / 7 ) serves as an index of the MPB boundary (phase boundary) , with a range 
of 0.92 < P / y < 1 .08 being desirable, a range of 0.92 < p / y < 1 .06 being preferred, and a range of 0.93 < p / y < 1 .03 
50 being more preferred. 

[0041] The value a + p + 7 is desirably 1.0<a + p + 7<1.15, preferably 1.01 £ a + p + y< 1 .08. The value of a + p 
+ 7 is desirably limited to the range of1.0<a + p+7<1.15 from the perspective of the quantity of oxygen defects in a 
crystalline structure having a perovskite structure. 
[0042] The ceramic material of claim 3 is denoted by formula (1 ) below: 

55 

Pb 1 . a M 1 a ^[(M 2 l/3 Nb 2/ 3. c ) o ZrpTi y ]0 d (1) 
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[0043] In formula (1), M 1 denotes one or more elements selected from among the group consisting of 3A group 
elements, Li, Na, K, Mg, Ca, and Sr; preferably one or more elements selected from among the group consisting of 
Sc, Y, La, Ce. Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, K, and Lu; and more preferably one or more elements 
selected from among the group consisting of La and K. M 2 denotes three or more elements selected from among the 
5 group consisting of Mg, Ca, Sr, Cr, Mn, Fe, Co, Ni, and Zn; preferably three or more elements selected from among 
the group consisting of Ni, Zn, Co, Mn, and Mg; and more preferably, Ni, Zn, and Co. 

[0044] In the ceramic material of formula (1) above, since b is greater than 0, the sum of the atomic ratios of Pb and 
M 1 ((1-a)+(a-b)) is less than 1 in Pb ra M 1 a . b (site A), and site A denotes a nonstoichiometric composition. Further, 
[(M 2 i/3 N b2/3. J^rpTy (site B) covers the cases where, within the above-stated ranges of c, a, p, and y, the sum of the 

10 atomic ratios of M 2 , Nb, Zr, and 7i is less than 1 , equal to.1 , or greater than 1 . When the sum of the atomic ratios at 
site B is less than or greater than 1 , site B denotes a nonstoichiometric composition, and when the sum of the atomic 
ratio is equal to 1 , site B denotes a stoichiometric composition. That is, site B of the ceramic material of claim 3 may 
denote a nonstoichiometric or stoichiometric composition depending on the values of c, a, p, and y. 
[0045] Further, sites A and B in combination, as site AB, may denote a nonstoichiometric or stoichiometric compo- 

15 sition. 

[0046] The values of a, b, c, a, p, and y in formula (1) fall within the ranges of 0 < a < 0.08, 0 < b < 0.075, 0.05 < c 
< 0.2, 0.18 < a < 0.28, 0.36 < p < 0.44, and 0.36 < y < 0.44, respectively. The reasons these numeric ranges have 
been established, and the preferred numeric ranges therein, are identical to those given in the description of the ceramic 
material of claims 1 and 2 above. 
20 [0047] In formula (1), d is the sum of the number of oxygen atoms contained in each of the oxides formed by Pb, 
M 1 , M 2 Nb, Zr, and 71. Here, the oxides formed by Pb, M 1 , M 2 , Nb, Zr, and Ti refer to those oxides having the most 
stable structures among the oxides formed by bonding of Pb, M 1 , M 2 Nb, Zr, and Ti with oxygen atoms. Examples of 
these oxides are PbO, Nb 2 0 5 , Zr0 2 , and Ti0 2 for Pb, Nb, Zr, and Ti. 

[0048] More specifically, when, for example, M 1 denotes La and M 2 denotes Ni, the above-mentioned various oxides 
25 refer to PbO, La 2 0 3 , NiO, Nb 2 O s , Zr0 2 , and Ti0 2 . Here, since d denotes the sum of the number of oxygen atoms of 

each of the oxides, the sum [(1 -a)+(a-b) x3/2 + ax1/3 + ax (2/3-c) x 5/2 + 2P +2 y ] can be calculated from the (1 -a) 

of PbO, (a-b) x 3/2 of La^, a x 1/3 of NiO, a x (2/3-c) x 5/2 of Nb 2 0 5 , 2 p of Zr0 2 , and 2 y of T10 2 . 

[0049] In the present invention, piezoelectric strain constant d33 in the longitudinal direction denotes the elongation 

of the ceramic material in the longitudinal direction when a voltage is applied. The ceramic material of the present 
30 invention desirably has a d^ of greater than or equal to 850, preferably greater than or equal to 880, and more preferably 

greater than or equal to 900 from the perspective of controlling power consumption, reducing heat generation, and 

achieving response speed. 

[0050] Further, the dielectric loss factor tan 8 in the present invention is a factor indicating dielectric loss. In the 
ceramic material of the present invention, the dielectric loss factor tan 8is desirably 0.003 < tan 8 < 0.012, preferably 
35 0.003 < tan 8 < 0.010, and more preferably 0.003 < tan 8 < 0.008 from the perspectives of reducing electrostatic energy 
losses and preventing heat generation by the laminated piezoelectric ceramic. 

[0051] In the ceramic material of the present invention, the Curie temperature Tc is desirably greater than 250°C and 
the relative dielectric constant e r is desirably less than 2,300 from the perspectives of permitting use at high temperature 
and the power employed. Further, the Curie temperature Tc is preferably 280°C or above, more preferably 300°C or 

40 above. Relative dielectric constant e r is preferably less than 2,200 and more preferably less than 2,000. 

[0052] The ceramic material of claim 1 3 is denoted by general formula ABO d (where d denotes the sum of the number 
of oxygen atoms contained in oxide A and oxide B). This ceramic material is a compound oxide comprising primarily 
Pb, Zr, and Ti. It is characterized in that the piezoelectric constant d 33 in the longitudinal direction is greater than or 
equal to 850, the dielectric loss factor tan 8 is 0.003 < tan 8 < 0.012, the Curie temperature Tc is greater than 250°C, 

<5 and the relative dielectric constant e f is less than 2,300. 

[0053] This ceramic material is comprised of a composite oxide the principal components of which are Pb, Zr, and 
Ti. Elements other than Pb, Zr, and Ti may be incorporated to the extent that at least a perovskite structure be formed. 
Examples of such elements are one or more elements selected from among the group consisting of group IV 1 A to 2B 
element, group V 1A to 3A and 6A elements, and group VI 1 A to 6A elements, with one or more elements selected 

50 from among the group consisting of Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, K, Lu, Ni, Zn, Co, Mn, 
and Mg being preferred. 

[0054] In previous ceramic materials, the longitudinal piezoelectric constant d 33 tended to decrease when the Curie 
Temperature Tc rose and the dielectric loss factor tan 8 and the relative dielectric constant e , both tended to increase 
when the longitudinal piezoelectric constant d^ was increased. Accordingly, the present inventors conducted extensive 
55 research, resulting in the discovery of a ceramic material having a high longitudinal piezoelectric constant d^ when 
the Curie temperature Tc was high, as well as having a low dielectric loss factor tan 8 and relative dielectric constant 
e r not seen in previous ceramic materials; the ceramic material of the present invention was designed on this basis. 
[0055] That is, the ceramic material of claim 1 3 is characterized by, even at a Curie temperature Tc of greater than 
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or equal to 250°C, exhibiting good piezoelectric characteristics, in the form of a longitudinal piezoelectric strain constant 
d 33 of greater than or equal to 850, a dielectric loss factor tan 8 of 0.003 < tan 8 < 0.012, and a relative dielectric 
constant e r of less than 2,300. 

[0056] A ceramic material having the above characteristics can be obtained by combining and suitably adjusting the 
5 above-listed elements. For example, a ceramic material with a Curie temperature Tc of greater than or equal to 250°C 
is prepared by adjusting the quantity of elements employed in M 2 . Further, to achieve a longitudinal piezoelectric dis- 
tortion constant d 33 of greater than or equal to 850, the types and quantities of elements added to M 1 are adjusted. 
Further, to achieve a dielectric loss factor tan 6 of 0.003 < tan 5 < 0.012, value a is adjusted. It is thus possible to 
manufacture the ceramic material of claim 13 by adjusting the composition and compositional ratio so that Tc, d 33 , and 
10 tan 8 fall within prescribed ranges. 

[0057] More specifically, the composite oxide Pb 1 . a M 1 a . b [(M 2 1/3 Nb 2 / 3 . q ) a ZrpTi Y ]O d (wherein M 1 denotes one or more 
elements selected from among the group consisting of group 3A elements, Li, Na, K, Mg, Ca, and Sr; M 2 denotes three 
or more elements selected from among the group consisting of Mg, Ca, Sr, Cr, Mn, Fe, Co, Ni, and Zn; 0 < a < 0.08, 
0 < b < 0.075, 0.05 < c < 0.2, 0.18 < a < 0.28, 0.36 < p < 0.44, 0.36 < y < 0.44; and d is the sum of the number of 
is oxygen atoms contained in the oxides of Pb, M 1 , M 2 , Nb, Zr, and Ti) comprised primarily of Pb, Zr, and Tl is an example 
of a ceramic material exhibiting the above-described desired Tc, d^, and tan 8. 
[0058] The ceramic material of claim 1 6 satisfies formula (2) below. 

20 Pb x M%.J(M 4 1/3 Nb 2n ) fl (Co 1 ^Nb 2/3 )) | (Zn^Nb 2/3 ) g Zr h Ti j j0 3 (2) 

In formula (2), M 3 denotes one or more elements selected from among the group consisting of La, K, Er, and Yb. M 3 
may function as a donor or acceptor. In the ceramic material of the present invention, M 1 desirably denotes La or K. 
[0059] In formula (2), value x is such that 0.990 < x < 0.997, Value x is not specifically limited as far as it fall within 

25 the range of 0.990 £ x £ 0.997. Value x has been set to be 0.990 or more because, below this value, sintering does 
not adequately progress even with calcination up to 1 ,000°C; the density of the sintered product obtained is low; and 
piezoelectric characteristics (particularly the electromechanical coupling factor: Kp) decrease abruptly. When the cal- 
cination temperature is set high, to about 1 ,200°C I sintering progresses adequately even when value x is less than or 
equal to 0.990. However, when the calcination temperature Is raised to about 1 ,200°C, the internal electrode of a silver- 

30 palladium alloy such as Ag70-Pd30 melts, and there is a high possibility of a short-circuit occurring when the power is 
engaged. Value x has been made less than or equal to 0.997 because when value x exceeds this numeric value, 
piezoelectric characteristics, particularly the electromechanical coupling factor (Kp), decrease. 
[0060] The value e + f + g of formula (2) is not specifically restricted other than that 0.18<e + f + g< 0.22, 0 5 e < 
0.22, 0 < f < 0.22, and 0 < g < 0.22. The value e •»- f + g has been set to greater than or equal to 0.1 8 because when 

35 lower than this value, effect of the presence of solid solution (M 4 1/3 Nb2^) e (Co 1/3 Nb2^ MZn^Nb^g does not take 
place and the calcination temperature cannot be reduced. The value of e + f + g has been set to less than or equal to 
0.22 because when value e exceeds this value, piezoelectric characteristics (particularly electromechanical coupling 
factor: Kp) decrease. This is because the Pb(Zr,Ti)0 3 component with high piezoelectric characteristics decreases. 
[0061] Further, the reason for setting 0 < e < 0.22, 0 < f < 0.22, and 0 < g < 0.22 is that when values e and f fall within 

40 this range, sintering can be conducted at a low calcination temperature of less than or equal to 1,000°C and good 
piezoelectric characteristics (particularly electromechanical coupling factor: Kp) are achieved. 
[0062] Further, values h and i in formula (2) above are not specifically limited other than that 0.38 < h < 0.43 and 
0.38 <, i £ 0.41 . Value h has been set to the range of 0.38 <, h £ 0.43 and value e to the range of 0.38 <, e £ 0.41 because 
outside of these ranges, the electromechanical coupling factor (Kp) decreases sharply in the PZT ceramic material, 

45 precluding the achievement of high-voltage characteristics. 

[0063] Values e through i are adjusted so that e + f + g + h + i=1. The value of 1 of e + f + g + h + i in the present 
invention also includes values greater than or equal to 0.995 and less than 1 .005, for example. When the value of e + 
f + g + h + i exceeds 1 , components are present in excess of the stoichiometric composition of the ceramic material of 
the present invention, with the possibility that these excess components will precipitate out at crystal grain boundaries 

50 and block domain switching, precluding the obtaining of good piezoelectric characteristics. When the value of e + f + 
g + h + e is less than 1 , the components of the ceramic material of the present invention are present in quantities less 
than the stoichiometric composition, sometimes resulting In undesirable lattice defects and decreased piezoelectric 
characteristics. 

[0064] In formula (2), M 4 denotes an element capable of forming a perovskite structure in the form of Ni, Mn, or Sr. 
55 When M 4 denotes Ni, the piezoelectric constant can be increased. When M 4 denotes Mn and Sr, it is possible to 
decrease the dielectric loss while maintaining the piezoelectric constant. M 2 desirably denotes Ni. Any one from among 
Ni, Mn, and Sr may have a bivalent atomic valence when incorporated into site B (the site of Zr and Ti) of the ceramic 
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material of the present invention. 

[0065] Generally, the greater the degree to which sintering of the ceramic starting materials progresses, the greater 
the density of the ceramic material of the present invention denoted by formula (2) tends to be. Further, ceramic ma- 
terials of high density generally exhibit good piezoelectric characteristics (particularly electromechanical coupling fac- 
5 tor: Kp). Accordingly, the ceramic material of the present invention preferably has a density following preparation of at 
least greater than or equal to 7.6 g/cm 3 , more preferably greater than or equal to 7.7 g/cm 3 . 

[0066] The ceramic material of the present invention can be manufactured in the same manner as conventional 
products. Starting materials in the form of powders of the oxides of the constituent metals, that is, PbO, CoO, ZnO, 
NiO, La 2 0 3i K 2 C0 3 , Nb 2 0 5l Ti0 2 . and Zr0 2 , are blended for use in a ratio yielding the desired composition. Compounds 
10 producing the above-described metal oxides when thermally decomposed during calcination may also be employed 
as starting materials. For example, Pb 3 0 4 may be employed for PbO, and a carbonate, basic carbonate, hydroxide, 
carboxytate, or the like may be employed instead of an oxide. It is also possible to employ an oxide or carbonate 
containing two or more constituent metals. 

[0067] The starting materials may comprise impurities in the form of unavoidable contaminants so long as they do 
is not markedly affect the piezoelectric characteristics of the present invention. For example, Zr0 2 often contains a trace 
amount of Hf0 2 and Nb 2 O s often contains a trace amount of Ta 2 O s ; such starting materials may be employed. 
[0068] The blended starting materials are thoroughly mixed, normally by wet mixing. The mixed powder can be 
molded as is, but is normally calcinated at low temperature to render the composition more uniform, the calcinated 
mixture is pulverized, and the powder obtained is molded. 
20 [0069] The ceramic material can be molded into a desired form based on the use of the piezoelectric material. For 
example, molding may be conduced by compression molding (press molding), hot pressing, and pressure molding by 
hydrostatic pressing. A small amount of organic binder may be employed in molding. Examples of such organic binders 
are polyvinyl alcohol, carboxymethyl cellulose, wax, polyvinyl butytal, acrylic, and the like. 

[0070] The molded product obtained is then sintered at a calcination temperature of 1 ,000°C or lower, yielding the 
25 ceramic material of the present invention. Sintering progresses adequately and the ceramic material of the present 
invention is obtained even when the calcination temperature is 1 ,000°C or less. The calcination temperature is pref- 
erably 900 to 1 ,000°C, more preferably 900 to 950°C. In particular, the ceramic materials of claims 1 to 1 5 are capable 
of being sintered well at a temperature of 950°C or less. The period of calcination of the molded product at a calcination 
temperature or 1 ,000°C or less may be suitably determined based on the ceramic materials of the present invention 
30 that are to be obtained. 

[0071] Although the calcination atmosphere is not specifically limited, calcination is normally conducted in air. When 
employing an electrode of a noble metal or a metal that oxidizes comparatively easily, calcination is desirably conducted 
in an atmosphere of inert gas such as nitrogen to prevent an oxidation reaction. 

[0072] The electrode is affixed to the sintered product and polarization processing (for example, applying a direct 
35 current voltage in silicon oil) is conducted by the usual method, yielding a piezoelectric element. The metals and noble 
metals normally employed as electrodes may be employed as electrodes in piezoelectric elements having components 
comprising the ceramic materials of the present invention. 

[0073] Further, the ceramic materials of the present invention may be employed as the laminated piezoelectric ele- 
ment utilized in a laminated piezoelectric actuator. So long as the laminated piezoelectric element of the present in- 
40 vention has a laminated member obtained by alternately laminating a member comprised of ceramic materials and an 
internal electrode, the number of laminations of the member comprised of ceramic materials is not specifically limited. 
Thus, the number of laminations maybe suitably determined in accordance with the desired applied voltage and amount 
of displacement. Nor is the thickness of individual layers specifically limited; a suitable thickness may be selected 
based on the applied voltage. 

45 [0074] The piezoelectric materials in the laminated piezoelectric element are generally molded into sheets. That is, 
the starting materials are molded, calcinated, and pulverized to obtain a powder as set forth above. This powder is 
mixed with a suitable organic binder solution to form a slurry, and the slurry is shaped into a sheet or tape form of 
constant thickness with a doctor blade or the like. The sheet or tape obtained is dried to remove the greater portion of 
the solvent, yielding a green sheet. 

50 [0075] A conductive paste for forming an internal electrode is coated in a desired shape by screen printing or the 
like on the green sheet. The ceramic materials employed in the laminated piezoelectric element of the present invention 
may be simultaneously sintered with the internal electrode even at calcination temperatures of less than or equal to 
1 ,000°C. Thus, conductive pastes suitable for use in the laminated piezoelectric element of the present invention 
include, in addition to the conductive pastes normally employed as internal electrodes, noble metals and metals with 

55 melting points of less than 1 ,000°C (for example, copper and silver), Ag-Pt alloys, Ag-Pd alloys with small amounts of 
palladium blended in (for example, less than or equal to 10 weight percent Pd). Thus, in the laminated piezoelectric 
element of the present invention, the internal electrode does not melt, the diffusion of Ag is prevented, the potential 
for short-circuiting is low, and inexpensive metals and alloys can be employed as the internal electrode. Thus, the cost 
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of manufacturing piezoelectric elements can be greatly reduced. 

[0076] The green sheet that has been coated with the above-described conductive paste is cut to suitable dimensions, 
a suitable number of sheets are stacked (for example, from 10 to 100 sheets), the sheets are hot pressed into a single 
body, and the laminate obtained is calcinated to simultaneously sinter the internal electrode and the sheet-shaped 

5 molded product. The calcination conditions here are identical to those above. External electrodes are attached to the 
sintered product so that the polarization directions of each of the layers are opposed. When a voltage is applied to 
induce polarization, a laminated piezoelectric element is obtained that is useful as a laminated piezoelectric actuator. 
[0077] The piezoelectric element obtained in this manner may be employed in various applications of piezoelectric 
ceramics such as vibrators, resonators, piezo-couplers, mechanical filters, piezo-transducers, delaying devices for 

w communicators and the like, pressure gauges, flow meters, windflow meters, various other measurement devices, 
pickups, microphones, television remote controls, other acoustic devices, ultrasonic diagnostic devices, piezo-pumps, 
ultrasonic motors, and piezoelectric actuators. 

Examples 

15 

[0078] The present invention is described in greater detail below through examples. The starting materials, reagents, 
proportions, operations, and the like indicated in the examples may be suitably modified without departing from the 
spirit of the present invention. Accordingly, the scope of the present invention is not specifically limited to the examples 
given below. 

20 

Example 1 

[0079] Starting material powders of PbO, 2r0 2 , Ti0 2 , ZnO, CoO, NiO, Nb 2 O s , and La 2 0 3 or K 2 C0 3 were weighed 
out in the prescribed ratios indicated in Table 1 in compositional formulas satisfying the conditions of Pb^M 1 ^ b [ 
25 (M 2 1/3 Nb2/3. c ) a ZrpTi Y )O d , and intimately wet mixed with a ball mill. 

<Conditions of the Compositional Formulas> 

[0080] 

30 

M 1 : K was employed in Sample 9. La was employed in Samples 1 to 8 and 10 to 16. 

M 2 : Sr, Ni, and Zn were employed in Sample 4. Co, Ni, and Zn were employed in samples 1 to 3 and 5 to 16. 

[0081] The mixed powders obtained were calcinated for 2 hours at 900°C in air and then wet pulverized again with 
35 a ball mill. 

[0082] A 2 weight percent quantity of organic binder (polyvinyl alcohol) was admixed to the powder pulverized as 
set forth above and the mixture was passed through a 150 micrometer mesh to obtain powder. The powder obtained 
was compression molded Into disks measuring 20 mm in diameter and 2 mm in thickness at a pressure of 3 tons/cm 2 . 
The molded members obtained were then calcinated for 2 hours at 1 ,000°C in air in an MgO vessel. 

40 [0083] Both surfaces of the disk-shaped sintered members obtained were ground to adjust the thickness to 1 mm 
and the density was calculated by Archimedes' method. Subsequently, a commercially available conductive past con- 
taining conductive powder in the form of silver was coated on both surfaces of the disk-shaped sintered members, 
calcination was conducted for 30 min. at 750°C in air to form electrodes, and polarization was conducted by applying 
a direct current voltage of 3 kV in 100°C silicon oil for 30 min. 

45 [0084] The results of measurement of the piezoelectric characteristics of each of the ceramic materials conducted 
at least 24 hours after the polarization treatment are given with the results of density calculation in Table 1 . The Kp in 
the table is the electromechanical coupling factor in the direction of thickness, e r is the relative dielectric constant in 
the direction of thickness, d 33 is the piezoelectric strain constant in the longitudinal direction, Tc is the Curie temperature, 
and tan 5 is the dielectric loss factor. 

50 

Methods of Computing the Various Values 

1 . Electromechanical coupling factor Kp and relative dielectric constant £ r 

55 [0085] Kp and £ r were measured in accordance with the piezoelectric ceramic oscillator test method (EMAS-6001 ) 
of the Electronic Materials Industry Association set out in the standard specifications of the Electronic Materials 
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Industry Association. 

[0086] e r was obtained by measuring the electrostatic capacitance at 25°C of test samples of the shape specified 
in Standard Specification EMAS-6001 of the Electronic Materials Industry Association with a Hewlett-Packard Japan 
Impedance Analyzer HP4192A, followed by calculation with the following equation (3): 



(where e 0 denotes the relative dielectric constant in vacuum (8.854 x 10" 12 F/m), t denotes the distance (m) between 
the two electrodes, C denotes the electrostatic capacitance (F), and S denotes the electrode surface area (m 2 )). 

2. Piezoelectric strain constant d aq 

[0087] Piezoelectric strain constant d 33 was obtained by measuring with a laser displacement meter the elongation 
in an electric field intensity of 1 .4 kV/mm of samples of the shape specified in Standard Specification EMAS-6002 of 
the Electronic Materials Industry Association, which specifies a method of measuring the longitudinal vibration of co- 
lumnar vibrators, and calculating piezoelectric strain constant d^ from the measured values. 

3. Curie Temperature Tc 

[0088] In measurement of the Curie temperature Tc, changes in electrostatic capacitance caused by varying the 
temperature of a sample in a furnace were recorded, and the temperature exhibiting the maximum electrostatic ca- 
pacitance was adopted as Curie temperature Tc. 

4. Dielectric loss factor tan 5 

[0089] In the same manner as for relative dielectric constant e r , diffusion coefficient tan 8 was measured at a fre- 
quency of 1 kHz using test samples of the shape specified in Standard Specification EMAS-6001 of the Electronic 
Materials Industry Association with a Hewlett-Packard Japan Impedance Analyzer HP4192A. 



e r = eT 33 /e 0 =tC/e 0 S 
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[0090] In Samples 1 , 4, 8, 9, 1 1 , and 14 in which values a, b, c, a, p, and y all fell within the ranges given by 0 < a < 
0.08, 0 < b < 0.075, 0.05 < c < 0.2, 0.18 < a < 0.28, 0.36 < p < 0.44, and 0.36 <y< 0.44 based on Table 1 , even when 
Curie temperature Tc was greater than or equal to 300°C, piezoelectric strain constant d 33 was greater than or equal 
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to 850, indicating good elongation. When values a through y were either larger or smaller than the stated ranges, 
elongation (d 33 ) dropped. Further, it was possible to increase electromechanical coupling factor Kp to greater than or 
equal to 60 and decrease relative dielectric constant e r to less than or equal to 2,300. Further, dielectric loss factor 
tan 5 fell within the range of 0 < tan 5 < 0.012 in each of Samples 1, 4, 8, 9, 11, and 14. 

[0091] The values measured for Sample 9 and Samples 1 , 4, 8, 11 , and 14 indicated that K and La were the M 1 of 
preference. The values measured for Sample 4 and Samples 1, 8, 9, 11, and 14 indicated that the combination of Sr, 
Ni, and Zn and the combination of Co, Ni, and Zn were the M 2 combination of preference. 

[0092] The p/y value of Samples 6, 10, and 18 exceeded 1.08 and that of Sample 13 fell below 0.92. Both Kp and 
d 33 were low in these samples. Samples having a numerical value of p /y falling within the range of 0.92 < p ly < 1 .08 
were preferred from the perspective of obtaining relatively high Kp and d^ levels. 

[0093] When the value of a + p + y was lower than 1 (Sample 15), both Kp and d^ were low and there was little 
longitudinal elongation with the application of voltage. A value of a + p + y of greater than or equal to 1 was thus found 
to be desirable from the perspective of obtaining a higher Kp and d33. 

Example 2 

[0094] Starting material powders of PbO, Zr0 2 , Ti0 2 , ZnO, CoO, NiO, and Nb 2 O s with either La 2 0 3 or K 2 C0 3 were 
weighed out in the prescribed ratio indicated in Table 2 in compositional formulas satisfying the conditions of 

Pb x M 3 1 . K [(M 4 1/3 Nb 2/3 ) e (Co V3 Nb 2/3 ) 1 (Z oia Nb aa ) g Zr h Tl l ]Og 

and intimately wet mixed in a ball mill. 
<Conditions of the Compositional Formulas> 
[0095] 

M 3 : La was employed in Samples 17 to 33. K was employed in Sample 33. 
M 4 : Ni was employed in all samples. 

[0096] The mixed powders obtained were calcinated under the same conditions as in Example 1 and then wet pul- 
verized again with a ball mill. 

[0097] The powder that had been pulverized was calcinated to form electrodes and polarized by applying a voltage 
by the same methods as in Example 1 . The results of measurement of the piezoelectric characteristics of each of the 
ceramic materials conducted at least 24 hours after the polarization treatment are given with the results of density 
calculation in Table 2. 
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[0098] In Table 2, the value of x was fixed at x = 0.990 in Samples 1 7 to 1 9, x = 0.993 in Samples 20 to 24, x = 0.995 
in Samples 25 to 27, and x = 0.997 in Samples 28 to 33, and the values of e + f + g, h, and i were varied. La was 
employed as M 3 in Samples 1 7 to 32 and K in Sample 33. 
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[0099] Since the values of e + f + g, h, and i were all within the ranges of the ceramic materials of the present invention 
and the value ofe + f + g + h + i was 1 in Samples 1 7, 1 9, 20, 24 to 26, 28, 31 , and 32, density and Kp were both good. 
The density values shown in Table 2 indicated that it was desirable to conduct sintering at a calcination temperature 
of 950°C, and the values of Kp indicated that the ceramic materials of the present invention had good piezoelectric 
characteristics. 

[0100] By contrast, in Sample 21 , where value e exceeded 0.22, sintering was incomplete, Kp was low, and adequate 
piezoelectric characteristics were not achieved. Further, although value e exceeded 0.22 in Samples 29 and 30, the 
density was much tower than in Sample 21 and sintering was poor. From this, it was thought that the amount 0.002 by 
which value x exceeded Sample 21 reduced the PZT component, resulting in incomplete sintering. 
[0101] In Samples 29 and 30, since sintering was substantially poorer than in the other samples, Kp and e r were 
not measured. 

[0102] In Sample 18, value h exceeded 0.43 and sintering progressed to a certain degree. However, Kp was low 
and good piezoelectric characteristics were not obtained. 

[0103] In Sample 22, value i was lower than 0.38 and sintering was incomplete. Thus, the Kp value was low and 
good piezoelectric characteristics were not obtained. 

[0104] Samples 23 and 27 were prepared as examples where the condition e + f+g+h+i= 1 was not satisfied. In 
Sample 23, e + f+ g + h + i <1 , and sintering progressed to a certain degree. However the Kp value was low and good 
piezoelectric characteristics were not achieved. In Sample 27, since e + f + g + h + i>1, sintering was incomplete, Kp 
was low, and piezoelectric characteristics were inadequate. 

[01 05] K was employed as M 3 in Sample 33 and the values of e + f + g, h, and i all fell within the ranges of the present 
invention. In the same manner as for La, sintering was good and good piezoelectric characteristics were achieved. 
[0106] In Sample 32, M 4 comprised Co and Zn without Ni. Even without incorporating Ni into M 4 , good sintering and 
good piezoelectric characteristics were achieved in the same manner as in the other samples. Thus, Ni was found to 
be an optional element in M 4 in the ceramic materials of the present invention. 

[0107] In the ceramic materials of the present invention, even when the Curie temperature was high, at greater than 
or equal to 250°C, good piezoelectric characteristics in the form of a low relative dielectric constant and dielectric loss 
factor were achieved with good longitudinal elongation. Further, it was possible to prepare the ceramic materials of the 
present invention by sintering at a calcination temperature of less than or equal to 950°C to achieve a high electrome- 
chanical coupling factor and good piezoelectric characteristics in the form of a low relative dielectric constant. Further, 
since the ceramic materials of the present invention could be calcinated at less than or equal to 950°C, there was a 
significant reduction in cost due to a shorter manufacturing time and reduction in the equipment and power required. 
[0108] Further, the piezoelectric element employing the ceramic materials of the present invention has good piezo- 
electric characteristics and can be manufactured at low cost. Specifically, since the present invention can be sintered 
at a temperature of less than or equal to 950°C when it is a laminated piezoelectric element, not only can inexpensive 
metals and noble metals such as copper be employed as the internal electrode, but silver-palladium alloys with low 
palladium composition ratios such as Ag95-5%Pd can be employed. Thus, the laminate piezoelectric element of the 
present invention is useful as a laminate piezoelectric actuator. 

Industrial applicability 

[0109] Since the ceramic materials of the present invention afford the advantages of permitting the obtaining of small 
elements with desired elongation and generates little heat during use, it is highly suited to applications such as piezo- 
electric elements such as piezoelectric actuators, particularly laminate piezoelectric elements and laminate piezoelec- 
tric transducer elements. 



Claims 

1. A ceramic material characterized by being denoted by the general formula ABO d (where d denotes the total 
number of oxygen atoms contained in oxide A and oxide B); comprised primarily of Pb, Zr, and Ti; in which A in 
said general formula denotes (Pb^M 1 ^) (where 0 < a < 0.08, 0 < b < 0.075). 

2. A ceramic material characterized by being denoted by the general formula ABO d (where d denotes the total 
number of oxygen atoms contained in oxide A and oxide B); comprised primarily of Pb, Zr, and Ti; in which B in 
said general formula denotes [(M 2 1/3 Nb2^ a . c ) a ZrpTi y ] (where 0.05 < c < 0.2, 0.18 < a < 0.28, 0.36 < p < 0.44, and 
0.36 <y< 0.44). 

3. A ceramic material denoted by formula (1 ) below: 
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PbvaM 1 a . b [(M 2 vaNb^ZrpTgO, (1) 

(where in formula (1), M 1 denotes one or more elements selected from the group consisting of 3A group elements, 
5 Li, Na, K, Mg, Ca, and Sr; M 2 denotes three or.more elements selected from the group consisting of Mg, Ca, Sr, 

Cr, Mn, Fe, Co, Ni, and Zn; 0< a < 0.08, 0 < b < 0.075, 0.05 < c < 0.2, 0.18 < a < 0.28, 0.36 < (J < 0.44, 0.36 < y 
< 0.44; and d is the sum of the number of oxygen atoms contained in the oxides of Pb, M 1 , M 2 , Nb, Zr, and Ti). 

4. The ceramic material of claim 1 or 3, wherein said M 1 denotes one or more elements selected from the group 
io consisting of Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho ( Er, Tm, K, and Lu. 

5. The ceramic material of claim 4, wherein said M 1 denotes one or more elements selected from the group consisting 
of La and K. 

'5 6. The ceramic material of any one of claims 2 to 5, wherein said M 2 denotes three or more elements selected from 
the group consisting of Ni, Zn f Co, Mn, and Mg. 

7. The ceramic material of claim6, wherein said M 2 denotes Ni, Zn, and Co. 

20 8. The ceramic material of any one of claims 2 to 7, wherein said p and y satisfy the relation of 0.92 < (i / y < 1 .08. 

9. The ceramic material of any one of claims 2 to 8, wherein said a, fi, and y satisfy the relation of0<a + p + y<1.15. 

10. The ceramic material of any one of claims 1 to 9, wherein the piezoelectric strain constant d 33 in the longitudinal 
25 direction is greater than or equal to 850. 

11. The ceramic material of any one of claims 1 to 10, wherein the dielectric loss factor tan 8 satisfies the relation of 
0.003 <tan5 < 0.012. 

30 12. The ceramic material of any one of claims 1 to 11 , wherein the Curie temperature Tc is greater than 250°C and 
the relative dielectric constant e r is less than 2,300. 

13. A ceramic material characterized by being denoted by the general formula ABO d (where d denotes the total 
number of oxygen atoms contained in oxide A and oxide B); comprised primarily of Pb, Zr, and Ti; in which the 

35 piezoelectric strain constant d 33 in the longitudinal direction is greater than or equal to 850, the dielectric loss factor 

tan 5 satisfies the relation of 0.003 < tan 5 < 0.01 2, the Curie temperature Tc is greater than 250°C, and the relative 
dielectric constant e r is less than 2,300. 

14. The ceramic material of claim 1 3, wherein the ceramic material further comprises one or more elements selected 
40 from the group consisting of group IV 1 A to 2B elements, group V 1 A to 3A and 6A elements, and group VI 1 A to 

6A elements. 

15. The ceramic material of claim 14, wherein the ceramic material further comprises one or more elements selected 
from the groupconsisting ofSc, Y, La,Ce, Pr, Nd, Pm, Sm, Eu.Gd.Tb, Dy, Ho, Er, Tm, K, Lu, Ni, Zn, Co, Mn,and Mg. 

45 

16. A ceramic material denoted by general formula (2) below: 

Pb x M 3 1 . x [(M 4 1/3 Nb 2 ^) e (Co 1/3 Nb jy 3 ),(Zn 1A3 Nb sw )gZr h Ti l ]03 ' (2) 

50 

(where in Fomula (2), M 3 denotes one or more elements selected from the group consisting of La, K, Er, and Yb; 
M 4 denotes an element selected from the group consisting of Ni, Mn, and Sr; 0.990 <x < 0.997; 0 <e < 0.22; 0 < f 
< 0.22;0 < g < 0.22; 0.38 < h < 0.43; 038 < i < 0.41 ;0.18<e + f + g< 0.22; and e +f+ g+h+ i=1). 

55 17. The ceramic material of claim 1 6, wherein said M 3 is K or La. 

18. The ceramic material of claim 1 6 or 17, wherein said M 4 is Ni. 
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19. The ceramic material of any one of claims 16 to 18, wherein the density of said ceramic material is greater than 
or equal to 7.6 g/cm 3 . 

20. A piezoelectric element comprising a member comprised of the ceramic material of any one of claims 1 to 1 9 and 
5 at least one pair of electrodes. 

21. A laminated piezoelectric element comprising a structural member in which a material comprised of the ceramic 
material of any one of claims 1 to 19 and electrodes are alternately laminated. 

10 22. The laminated piezoelectric element of claim 21 , wherein said electrode is an electrode comprised of Cu, Ag, an 
Ag-Pt alloy, or an Ag-Pd alloy. 
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